Rare-earth aluminate (RAlO 3 , R ¼ La-Lu and Y) glass and crystalline phases were prepared by containerless levitation in an aerodynamic levitation furnace. In the RAlO 3 system, La, Nd and Sm aluminum perovskites solidified as glass and Eu-Lu and Y aluminum perovskites solidified as crystalline phases. The glass forming region decreased with decreasing ionic radius of the rareearth element. Scanning electron microscopy images and x-ray diffraction results revealed the formation of a single RAlO 3 phase from the undercooled melt. The glass transition temperature, T g , and density increased and the molar volume decreased with decreasing rare-earth element ionic radius. The refractive index at 589 nm exceeds 1.85 in each composition and a transparency of approximately 72% was achieved for the LaAlO 3 glass. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
Alumina-based glass and ceramics are important in various applications because of their refractory nature, hardness, resistance to chemical attack, and transparency in the infrared region. The refractory nature of aluminates requires high temperature synthesis techniques. Depending on the application, aluminates can be formed by subjecting oxide mixtures to high temperature. There is also a growing demand for aluminabased glass; it possesses desirable optical properties because of its isotropic nature over a wide composition range. The R 2 O 3 -Al 2 O 3 (R ¼ La-Lu and Y) pseudo-binary system displays a variety of nonequilibrium phenomena, including glass formation, metastable crystallization and polyamorphism in the undercooled liquid. [1] [2] [3] In the R 2 O 3 -Al 2 O 3 binary system, cubic R 3 Al 5 O 12 garnet (R ¼ Eu-Lu and Y), 4 ,5 monoclinic R 4 Al 2 O 9 (R ¼ Nd-Lu and Y) and orthorhombic RAlO 3 (R ¼ La-Lu and Y) exist as stable phases. [6] [7] [8] [9] [10] [11] RAlO 3 belongs to the perovskite family of prospective laser materials with common formula ABO 3 . To study the stability of these perovskites, several researchers have determined thermodynamic parameters such as Gibbs-free energy (DG), enthalpy (DH), and entropy (DS) changes in the formation of RAlO 3 at elevated temperatures. 4, 11 According to these data, DH form and DS form decreased and DH fus and DS fus increased with increasing rare-earth element ionic radius from Lu to La. The stabilities of these phases not only depend on the ionic size of the rare-earth elements but are also influenced by temperature and pressure.
RAlO 3 crystals have been synthesized by various techniques such as solid-state reaction, 10 flux growth, 12, 13 Czochralski growth, 14 sol-gel, 15, 16 aerosol, 17 citrate combustion, 18, 19 and co-precipitation 20, 21 in addition to the conventional solid-state reaction of parent oxides at high temperature which results in crystals and powders with large particle size, limited chemical homogeneity, and low sinter-ability. However, complex and time-consuming procedures are the main drawbacks of these methods. In the conventional melting process, it is difficult to vitrify a RAlO 3 system without using network-former oxides such as SiO 2 , P 2 O 5 , and B 2 O 3 .
Various additional methods can prevent such materials from crystallizing and enabling them to vitrify, including twin roller rapid quenching, [22] [23] [24] sol-gel, 25 laser spin melting, and free-fall cooling. 26 Glasses can also be formed even from aluminates, but the glass-forming ability is poor. [27] [28] [29] [30] [31] [32] Improvements in vitrification techniques enable us to vitrify materials that possess a low glass-forming ability. Weber et al., 33, 34 vitrified rare-earth aluminates glasses successfully in spherical bulk form with a diameter of approximately 2 mm without adding any network former oxides. Watanabe et al. 35 reported the glass forming region in the 32R 2 O 3 -68Al 2 O 3 system for all rare-earth elements except Yb and Lu. Recently, some binary systems, such as TiO 2 -, Nb 2 O 5 -and WO 3 -based glasses, have been vitrified in bulk form without using any network-former oxides by containerless processing. [36] [37] [38] [39] [40] [41] [42] This indicates that containerless processing is a new vitrification technique that uses the melting and solidification processes. Furthermore, containerless solidification under deep undercooling conditions can achieve novel microstructures such as refined grain size, stable/metastable phases, and glassy phases. A levitation technique could provide a new method for phase selection, because the lack of a heterogeneous nucleation site as crucible wall makes it easy to achieve deep undercooling. [36] [37] [38] [39] [40] [41] [42] [43] Therefore, containerless processing is useful for vitrifying materials with low glassforming ability. 33 Herein, we focus on the RAlO 3 system without using network-former oxides, because the glass-forming region, a)
Author to whom correspondence should be addressed. PHYSICS 113, 193503 (2013) glass and crystal transition point and thermal, optical and physical properties of this system have not been examined in detail for the bulk state. We report on the thermal and optical properties of the glass and crystalline phases prepared from the undercooled RAlO 3 melt.
II. EXPERIMENTAL
RAlO 3 (R ¼ La-Lu and Y) spherical glass and crystals approximately 2.5 mm in diameter were prepared by containerless processing in an aerodynamic levitation (ADL) furnace. The R 2 O 3 and Al 2 O 3 powders were weighed and mixed in the stoichiometric ratio of the RAlO 3 composition. The mixtures were hand ground in an agate mortar, the powder pressed into pellets 10 mm in diameter and 2 mm thick at approximately 20 MPa and sintered at 1473 K for 12 h. Specimens (20-25 mg) were taken from the pieces of broken pellets, placed on the conical nozzle of the ADL furnace, levitated by oxygen gas at approximately 600 ml/min and melted completely by CO 2 laser. The samples were melted and superheated to approximately 100 K higher than the liquidus temperature and then solidified by removing the laser power. A high speed video (HSV) camera (Photron FASTCAM R2, Inc., San Diego, CA) at a sampling rate of 1 kHz with a spatial resolution of 256 Â 240 pixels and high-resolution charge-coupled device video camera were used to determine the in situ solidification behavior and magnified view of the samples. A pyrometer with sampling rate of 120 Hz was used to measure the surface temperature of the sample. The sample temperature was maintained above the RAlO 3 melting point for a few seconds to ensure homogenization of the melt. Then, the laser power was turned off and the sample cooled rapidly to room temperature at hundreds of K/s. A schematic diagram of the ADL furnace is shown in Fig. 1 with a detailed description of the experimental setup given elsewhere. 43 The structure of the glass and crystalline phases of the asprepared samples was characterized by x-ray diffraction (XRD) (MXP3, MAC Science Co. Ltd. Japan) at room temperature with CuKa radiation over a 2h range of 5 -80 with a step width of 0.02
. The cross-sectional microstructures of the as-solidified samples were examined at an accelerating voltage of 15 kV by scanning electron microscopy (SEM) (Sm-510, Topcon Corp., Tokyo, Japan). The glass transition temperature, T g , and crystallization onset temperature, T x , of the obtained glasses were measured by differential scanning colorimetry (DSC8270, Rigaku Corp., Tokyo, Japan) at 10 K/ min. The as-prepared glasses were annealed at a temperature slightly above the T g before measuring their physical properties. These annealed glasses were polished for optical measurements such as refractive index and transmittance at room temperature. The refractive indices were measured by spectroscopic ellipsometry (M-2000, J. A. Woollam Co. Inc. Lincoln, NE. USA) in the range 250-1000 nm and transmittance spectra of glass with a 0.5 mm path length were obtained in the wavelength range of 250-2000 nm using a UV-vis spectrometer (Shimadzu UV3100PC, Japan). The thermodynamic stability of the crystalline sample was measured by thermogravimetric and differential thermal analysis (Rigaku TG-DTA 8120, Japan). The RAlO 3 glass density was measured by gas pycnometer (Shimadzu AccupycII 1330, Japan).
III. RESULTS AND DISCUSSION
A. Temperature-time profiles of glass and crystalline RAlO 3 The surface temperature measured by single color pyrometer at 5.14 lm during undercooling and solidification of the RAlO 3 sample is shown in Fig. 2 . A smooth curve without any recalescence (sequence of increase in temperature) was monitored for the NdAlO 3 sample as shown in Fig. 2(a) . The same vitrification curves were also observed for the larger ionic radius elements such as LaAlO 3 and SmAlO 3 . The formed LaAlO 3 glasses were spherical, colorless and transparent whereas the Nd and Sm sample were pale blue and yellow, respectively. The critical cooling rate for glass formation from the RAlO 3 composition is approximately 150 K/s under containerless conditions. The HSV camera images taken successively during cooling also indicated the formation of glass ( Fig. 2(a) ).
As shown in Fig. 2(b) , the temperature decreased gradually, nucleation commenced at around 1709 K and was complete at 2252 K. This recalescence is observed commonly for crystalline samples. As shown in Fig. 3 , the recalescence phenomenon was observed for the smaller ionic radius elements (Eu-Lu and Y) because of the release of latent heat during crystallization of the solid phase. The nucleation (T N ) and post-recalescence (T P ) temperatures are commonly defined as the temperatures at the onset and conclusion of thermal events, i.e., approximately 1709 and 2252 K, respectively. The post-recalescence temperatures decreased gradually with decreasing ionic radius from Gd to Lu. The difference in temperature between T P and T N is usually defined as an undercooling level. The degree of undercooling decreased gradually with decreasing ionic radius of the rareearth elements. A high and low undercooling of approximately 543 6 10 and 285 6 10 K was achieved for GdAlO 3 and LuAlO 3 , respectively. The post-recalescence temperature of the as-solidified sample is nearly equal to the melting temperature of the RAlO 3 sample. The YAlO 3 does not follow the same trend because Y is lighter than the rare-earth elements. The experiments were repeated several times to check reproducibility because nucleation does not often start at a certain temperature. Reproducibility was achieved for a temperature difference of 610K.
B. In situ observation
The recalescence behavior of the rapidly solidified RAlO 3 samples taken using the color HSV camera is shown in Fig. 4 . The dark and bright areas correspond to the undercooled melt and solidified region, respectively. The frames are taken at a time interval of 1 ms and the elapsed time indicated in each image was set at 0 ms for one frame before the nucleation. The temperatures at the point of nucleation (T N ) and post-recalescence (T P ) are indicated in each photograph. The solid phase nucleated from the undercooled GdAlO 3 melt and solidification process was complete after 17 ms and showed a single recalescence, i.e., the phase formed was retained at room temperature without any phase transformation. The solid and melt indicated in each photograph represent the o-RAlO 3 and undercooled melt, respectively. The solid and liquid phases can be distinguished by difference in emissivity of both phases. The solid-liquid interface is indicated clearly by the large difference in brightness between the solid and the liquid. The same type of solidification path was also observed in all RAlO 3 samples. However, an increase in solidification time from 17 to 143 ms was observed with decreasing ionic radius from Gd to Lu and Y.
C. Glass and crystal forming region
The glass and crystal forming region in the binary R 2 O 3 -Al 2 O 3 system is shown in Fig. 5 . The cooling curves recorded using a pyrometer and HSV images clearly indicate the formation of glass and crystalline phases from the undercooled RAlO 3 melt. The higher ionic radius elements such as from the La to Sm systems were vitrified with transparency and the smaller ionic radius elements from Eu-Lu and Y solidified as a crystalline phases. An essential requirement for glass formation from liquids is that they are cooled rapidly enough to prevent nucleation and subsequent crystallization. The glass forming ability is most likely a function of the form of the phase diagram and the polymorphism is probably driven by the entropy differences between different liquid states. According to the phase diagram and thermodynamic parameters reported by Kanke and Navrotsky, 4 and Wu and Pelton, 11 it should be noted that RAlO 3 glasses were formed in the region (R ¼ La-Sm) where the garnet phase did not exist in the R 2 O 3 -Al 2 O 3 binary system. This may be because of the nonequilibrium condition with deep undercooling at a critical cooling rate of approximately 150 K/s.
D. Thermal stability of RAlO 3 glasses
The DSC curves of the RAlO 3 (R ¼ La, Nd, and Sm) glasses are shown in Fig. 6(a) . The inset shows the assolidified glass image, which exhibits sphericity and transparency. During heat treatment, the as-prepared glasses showed a T g and T x and sharp exothermic peaks. The transition from the glassy to liquid state occurs at the glass transition temperature. In the LaAlO 3 sample (inset Fig. 6(a) ), the T g (831 K) and two crystallization temperatures were observed at 986 and 1145 K. In the NdAlO 3 , only one crystallization peak was observed, whereas three crystallization peaks were observed in the SmAlO 3 sample. The peaks may originate either from the intermediate phase transformation from metastable to stable orthorhombic SmAlO 3 or from the liquid-liquid transition from a metastable high density phase to more stable low density phase. This probably occurs because of instability of the orthorhombic phases with decreasing ionic radius.
From the above results, we determined T g and T x of the as-prepared glasses. Fig. 6(b) shows T g and T x as a function of rare-earth element ionic radius, taken from Shannon. 44 Both T g and T x increased gradually with decreasing ionic radius from La to Sm. This narrow value in T g and T x indicates a decrease in the glass forming ability with decreasing ionic 
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Vijaya Kumar et al. J. Appl. Phys. 113, 193503 (2013) radius. This tendency is consistent with the results of Rosenflanz et al. 45 For a glass material, different cooling rates lead to different glass transition temperatures. The temperature difference (DT) between T x and T g was calculated with results shown in Fig. 6(c) . The maximum DT (¼T x À T g ) reached approximately 155 K in LaAlO 3 and decreased gradually with decreasing ionic radius. Thus, the thermal stability of the glass was increased from 76 to 155 K with increasing rare-earth element ionic radius from Sm to La. These values are slightly higher than those of the previous reported data by Tangeman et al., 28 and Rosenflanz et al. 45 The maximum size of the glass was larger than 1.8 mm and it may be possible to prepare a larger size glass since these glasses have a larger DT. This suggests that the RAlO 3 glass would be useful for optical applications.
E. Refractive index and transmittance
The refractive indices of RAlO 3 (La, Nd, and Sm) at a wavelength of 589 nm are shown in Fig. 7 . High and low refractive indices of approximately 1.883 and 1.857 were achieved for the NdAlO 3 and LaAlO 3 glasses, respectively. The deviation of the refractive index was within 60.01. Refractive index is not only a fundamental physical property of materials but also an essential parameter for designing optical components. In particular, an oxide glass with refractive index above 2.0 is desired for lenses used in small optical devices such as smart phones with digital cameras, endoscopes, and next-generation optical disk systems. 193503 (2013) transmission was approximately 72% in the visible region, resulting from a large reflection on both sides of the surface because of its high refractive index. These results suggest that the as-prepared glasses can be used for optical applications such as lenses for microscopes and endoscopes when a lower wavelength dispersion of refractive index is desired. Furthermore, they suggest that bulk glasses are suitable for practical use, such as in optical components.
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F. Density and molar volume
The glass densities determined by gas pycnometer are shown in Fig. 9(a) . The density decreases linearly from 5.62 to 4.98 g/cm 3 with increasing ionic radius from Sm to La, respectively. The deviation of densities was within 60.01 g/cm 3 . As shown in Fig. 9(b) , the molar volume increases linearly with increasing ionic radius from Sm to La.
This suggests that the glass with smaller rare-earth element ionic radius has a denser packed structure.
G. Phase identification and microstructure of crystalline RAlO 3
The RAlO 3 samples crystallized from the undercooled melt were characterized by XRD and SEM. The XRD spectra are shown in Fig. 10 . As-prepared RAlO 3 samples (R ¼ Gd to Lu and Y) showed orthorhombic RAlO 3 perovskite with a space group of Pbnm. 46 No crystalline phase was observed in the La, Sm, and Nd. To study the thermodynamic stabilities, as-prepared samples were annealed up to 1673 K by TG-DTA at 20 K/min in O 2 gas flow and cooled to room temperature. Al 2 O 3 powder was used as a reference material to observe the effect of heat treatment on the as-solidified sample. No apparent endothermic or exothermic peaks were detected up to 1673 K. The as-solidified RAlO 3 sample did not show any phase transition, i.e., the formed o-RAlO 3 phase remained even after annealing at 1673 K. This suggests that [47] [48] [49] However, we did not find any metastable phases in both the as-prepared and annealed samples.
The cross-sectioned microstructures of the crystalline RAlO 3 sample (R ¼ Gd to Lu and Y) observed with SEM are shown in Fig. 11 . The as-prepared RAlO 3 samples consist of single phase of orthorhombic o-RAlO 3 and these results agree with the XRD results in Fig. 10 . This also indicates that the primarily formed o-RAlO 3 phase was retained at room temperature without undergoing any phase transition. Moreover, it has been reported that the orthorhombic phase becomes unstable with decreasing ionic radius from La to Lu. 40 It seems that small voids and cracks were formed because of the existence of bubbles in the undercooled melt. However, in this study, only stable orthorhombic phases were observed for the heavy rare-earth elements such as from Eu-Lu and Y.
As mentioned in the introduction, some binary systems, such as TiO 2 -, Nb 2 O 5 -, and WO 3 -based glasses, have been vitrified in bulk form without using any network-former oxides by containerless processing. [36] [37] [38] [39] [40] [41] [42] However, in most of these binary systems, eutectic compositions have been selected to study the glass forming ability. This condition makes glass formation easier because molecular ordering can be suppressed and the amorphous structure can be maintained by instantaneous phase transition. In contrast, at the off-eutectic composition, the liquid phase is separated from the solid phase. Thus, even if the temperature decreases below the liquidus line, the sample may contain both precursive solid and residual liquid simultaneously before reaching the solidus line. That is, nucleation tends to occur inside the undercooled liquid during cooling. This prompts primary crystal growth and degrades the glass-forming ability. From the view point of the solidification process, the glass-forming ability is related to the phase transition of the undercooled liquid, because vitrification occurs only when the undercooled liquid changes directly to a solid state without crystallization.
IV. CONCLUSIONS
Among the rare earth aluminum perovskites RAlO 3 , La, Nd and Sm aluminum perovskites solidified as glass and YAlO 3 and Eu to Lu aluminum perovskites solidified as crystalline phases. High undercooling of approximately 543 6 10 K and low undercooling of approximately 285 6 10 K were achieved for GdAlO 3 and LuAlO 3 , respectively. Pyrometric results indicate that the critical cooling rate for glass formation from the RAlO 3 composition is approximately 150 K/s under containerless conditions. DSC measurements revealed that the T g and T x decreased and DT (¼ T x À T g ) increased with increasing ionic radius. The density increased and molar volume decreased with decreasing rare-earth element ionic radius. The as-prepared bulk RAlO 3 glasses showed refractive indices exceeding approximately 1.85 and a transparency of approximately 72%. These results suggest that containerless levitation is an elegant technique for the fabrication of new glass and crystalline ceramics from an undercooled melt. Containerless processing provides a means to achieve high purity liquids and by avoiding container-derived sources of nucleation, enables synthesis of novel glass materials in small quantities. The optical, thermal, and physical properties of the glass system indicate that these materials could be useful for optical applications in the visible to infrared region.
